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ABSTRACT: Thermophotovoltaic (TPV) systems are a promising technology for distributed conversion of high-temperature heat to

electricity. To achieve high conversion efficiency, the transport of sub-bandgap radiation between the thermal emitter and PV cell should be

suppressed. This can be achieved by recycling sub-bandgap radiation back to the emitter using a spectrally-selective cell. However, conventional

TPV cells exhibit limited sub-bandgap reflectance. Here we demonstrate thin-film Inos;Gao7As structures with high spectral selectivity,

including record-high average sub-bandgap reflectance (96%). Selectivity is enabled by short optical paths through a high-quality material

fabricated using epitaxial lift-off, highly-reflective back surfaces, and optimized interference. In addition, we use a parallel-plate TPV model to

evaluate the impact of specific structural features on performance and to optimize the cell architecture. We show that a dielectric spacer between
InGaAs and the Auback contact is an important feature that enables a predicted TPV efficiency above 50% (with a power output of 2.1 W/cm?),
significantly higher than current TPV devices. This work provides guidelines for the design of high-efficiency, low-cost TPV generators.

Thermophotovoltaic (TPV) systems are a promising alternative
to turbines for small-scale energy conversion (~1kW) such as
distributed co-generation of heat and power."* The technology also
has the potential for integration with high-temperature thermal
energy storage, a technique that could help regulate power supply.>
® A thermophotovoltaic cell generates electricity by converting
photons radiated by a hot thermal emitter (Figure 1a)." Selective
radiative transfer — specifically suppression of sub-bandgap radiative
transfer — is essential for high efficiency.>**'* However, conventional
TPV cells, in which the growth substrate is used in the device, have
limited spectral selectivity.'""'>'* Here, we investigate thin-film TPV
cells fabricated using epitaxial lift-off to enable selective radiative
transfer and high efficiency. A significant enhancement in spectral
selectivity, relative to conventional TPVs, was measured in thin-film
InossGaoarAs (hereafter InGaAs) structures because of the reduced
optical path and optimized interference. Beyond their optical
advantages over conventional TPVs, thin-film devices fabricated
using epitaxial lift-off have the potential to increase the external
luminescent efficiency'* and to reduce the cost of TPV generators by

reusing expensive III-V substrates,"1>1618

Our work builds on past techniques for enhanced spectral
selectivity that can be broadly categorized as either emission control
or absorption control”'"¥"* Several studies have utilized
nanophotonic emitters to selectively emit radiation above the PV

cell bandgap.”*** However, reduced selectivity at high operating
temperatures limits the effectiveness of this emission control
strategy.”* Furthermore, the long-term thermal stability of
nanostructured emitters has yet to be addressed. Alternatively, PV
cells exhibiting selective absorption have facilitated recycling of low-
energy photons, and consequently, improved efficiency.”'""* This
approach makes use of a cell with a back surface reflector (BSR) or a
front surface filter (FSF) to reflect radiation with energy lower than
the semiconductor bandgap, while absorbing radiation with higher
energies.”'""* Low-energy photons reflected by the cell are re-
absorbed by the thermal emitter, decreasing net heat transfer
between the emitter and cell (Qi) without decreasing output power
(Pout) (Figure 1a). An early demonstration of selective absorption in
a Si cell with a Ag BSR reached a thermal-to-electrical conversion
efficiency of 26% for an emitter temperature of 2300 K." Utilization
of lower bandgap cells has enabled similar efficiencies at moderate
temperatures. Siergiej, et al. utilized a 0.6 eV InGaAs cell with a
SisNs/Au BSR to achieve an efficiency of 20.6% for a 1330K
emitter.'” Deposition of a dielectric spacer layer on the BSR helps to
mitigate sub-bandgap absorption by limiting the intensity of
radiation at the absorbing metallic surface.”** This device was later
modified to include a FSF, increasing its efficiency to 23.6%." The
measured spectral selectivity of these approaches, however, has been
limited by absorption of sub-bandgap radiation due to a variety of



possible mechanisms including parasitic absorption in the growth
substrate.'”">"* There has been only one demonstration of a thin-
film TPV device, an InGaAsSb cell with a SiOx spacer and a Au
BSR.** However, the destructive substrate removal process used to
fabricate this device makes it incompatible with wafer reuse. Further,
the device exhibits limited spectral selectivity, speculated to be the
result of sub-bandgap absorption by macro-scale defects resulting
from substrate removal.
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Figure 1. a) Energy flows in a parallel plate TPV system with sub-
bandgap photon recycle. Spectrally selective absorption is achieved in a
thin-film cell, decreasing waste heat (Q) and net heat transfer between
the emitter and cell (Qy), without decreasing output power (Pou).
b) General schematic of the thin-film structures considered here, which
include an InGaAs active layer and combinations of the following layers:
back surface reflector (BSR), anti-reflection coating (ARC), and
dielectric back spacer. c) Cross-sectional SEM image of an example
structure (false-colored). From top to bottom: 190 nm MgF, (orange),
110 nm ZnSe (green), 1.3 pm InGaAs (blue), 400 nm Au BSR (yellow),
Si handle (gray).

Our fabricated structures exhibit higher reflectance below the
semiconductor bandgap than previous TPVs, coupled with high
absorption of radiation above the bandgap. To evaluate the impact
of specific thin-film structural features on performance and to
optimize the cell architecture, we use a prediction of TPV
performance in a parallel-plate geometry. Our work provides design
guidelines for selectively-absorptive, high-efficiency thin-film TPVs.

RESULTS AND DISCUSSION

Optical Properties of Thin InGaAs-based Structures. In this
section, we identify techniques for enhancing the spectral selectivity
of fabricated thin films. We also compare the measured reflectance

to optical modeling based on the transfer matrix method.***

Asabaseline structure, we fabricated and characterized the optical
properties of a 1.38 ym thick epitaxial layer of InGaAs on a Au BSR,
hereafter called BSR (Figure 2a). A 4 nm AlAs sacrificial layer was
grown by molecular beam epitaxy on a (100) InP wafer, followed by
the InGaAs epitaxial layer. The thin film was cold-weld bonded to a
Au-coated Si wafer handle and removed from the InP wafer by
epitaxial lift-off. The absorptance (a) of the BSR structure, as a
function of incident photon energy (E) and incidence angle (), is
compared to the experimental response measured by a Fourier
transform infrared (FT-IR) microscope (Figure 2a). The response
is characterized by selective absorptance above the material
bandgap. Average, weighted optical properties were calculated with
respect to the photon flux of a 1500 K emitter. The measured
response exhibits an average absorptance of 61% above the bandgap
and 5.5% below the bandgap (94.5% average sub-bandgap
reflectance).

To enhance the above-bandgap absorption of the structure, we
deposited a double layer anti-reflection coating (ARC) (190 nm
MgF>, 110 nm ZnSe) on a 1.3 ym InGaAs layer with a Au BSR,
hereafter called ARC. The optical response is characterized by a
pronounced increase in absorptance above the bandgap compared
to the BSR structure and a reduction of peak-to-peak absorptance
variations (Figure 2b). On average, the ARC structure exhibits
absorptance of 81% above the bandgap and 5.3% absorptance below
the bandgap (94.7% average sub-bandgap reflectance). A parasitic
absorptance peak is observed at 0.44 eV, which is attributed to
absorption in the double-layer ARC, as confirmed by measurement
of the ARC directly on Au (details provided in Supporting

Information).

As a strategy for enhancing sub-bandgap reflectance, we
fabricated a different structure, consisting of a 430 nm thick MgF,
spacer between a 2.1 ym thick InGaAs layer and Au BSR. The
InGaAs-MgF»-Au structure, hereafter called Spacer, exhibits an
average sub-bandgap reflectance of 95.7% (Figure 2c), better than
either of the previous structures. A parasitic absorptance peak at
0.44 eV, similar to the one observed in the ARC structure, parly
limits the desired reflectance. The Spacer structure exhibits above-
bandgap absorptance of 62.5%, comparable to that of BSR structure.

Outside of the parasitic peak, the simulated optical response of
each of the architectures agrees with its measured response within
9% above the bandgap and 5% below the bandgap. The model also
captures the observed oscillatory interference variations in



absorptance. Material optical properties obtained from literature
were used in the simulations (see Supporting Information).””* All
experimental layer thicknesses are estimated from their growth rate
during fabrication; fine thickness adjustments (<10% of layer
thickness), within the range of uncertainty from the growth rate
estimation, were made using a least squares regression between the
simulated and experimental optical response.
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Figure 2. Simulated (red) and measured (black) optical responses of
the (a) BSR structure, (b) ARC structure, (c) Spacer structure. Blue
(yellow) shading indicates predicted absorption by the InGaAs (Au)
layer. Left inset: Angle of incidence (15°). Right inset: Photograph of
structure.

Evaluating Strategies for Enhanced Selectivity. To evaluate
the spectral selectivity of the three cases (BSR, ARC, and Spacer), we
use a prediction of TPV performance based on the optical response
and geometry of the cell, operating at 20°C, in perfect view of a high-
temperature black emitter (see Energy Conversion Simulation).
For a fair comparison among cases, we varied the layer thicknesses
within the constraints of the three cases to maximize the predicted

conversion efficiency (Equation 9). The performance of the
optimized structures (Table 1) is compared with an InGaAs cell
without a BSR (hereafter called Blackbody), characterized by no
spectral selectivity. We set the thickness of the InGaAs layer in the
Blackbody case to twice that of the BSR case, such that the optical
path lengths through InGaAs are approximately equal (assuming
wavevectors within the active layer are near-normal because of the
high refractive index of InGaAs relative to vacuum).'>¢

A significant enhancement in efficiency, relative to the blackbody
case, is predicted for cells with a reflective back surface — suggesting
it is an essential feature for achieving high efficiency. For example,
the BSR case is predicted to achieve 43% efficiency when paired with
a 1500 K emitter, whereas the Blackbody case achieves only 8%
efficiency under these conditions (Table 1). Use of a MgF, back
spacer increases this efficiency gain further. The Spacer case is
predicted to exhibit 8% greater (absolute) efficiency than the BSR
case because of its higher sub-bandgap reflectance (98.9% vs.
96.8%).

An anti-reflection coating, on the other hand, is less important for
improving efficiency. However, an ARC considerably improves the
above-bandgap absorptance and, consequently, the power density.
For example, the ARC case exhibits ~0.8 W/cm® higher power
density than either the BSR or the Spacer case (Figure 3b).

Structure Optimization. To optimize the overall cell
architecture, we modeled a TPV cell with an ARC and a spacer
(Figure 3ainset), hereafter called the Combined case. The optimized
Combined case exhibits high spectral selectivity (Figure 3a),
achieving higher above-bandgap absorptance than the Spacer case
without significantly compromising sub-bandgap reflectance (Table
1). Because of its superior optical properties, the Combined case is
predicted to operate with higher efficiency than either the BSR or
Spacer case (Figure 3b) and with a power output approaching that
of the ARC case (Figure 3c). Specifically, for an optimized Combined
cell, we predict an efficiency of 52% and a power output of
2.1 W/cm® when paired with a 1500 K black emitter.

Our simulation suggests that spacers are an important feature of
high-efficiency thin-film InGaAs cells. Spacers limit parasitic
absorption by the metal contact by reducing the intensity that
reaches the back interface. Provided that parasitic absorption is
mitigated in the active layers, average sub-bandgap reflectance
approaching 99% may be achieved with the use of a back spacer.
Development of a TPV device with a back spacer will require the
design of electrical contacts capable of collecting charge carriers
laterally or across this dielectric region. Prior demonstration of a
TPV device with dielectric claddings (ARC and spacer) utilized
monolithic series interconnections to electrically contact the active
region.* Similar design elements may be appropriate for developing
TPV modules with the proposed MgF: spacer.

Our study identified that the optimal InGaAs thickness depends
on the case. Thinner active layers (1-1.5 ym) are optimal when using
back spacers, which may also reduce processing costs. We speculate
that the optimum thickness is observed in this range because ultra-
thin TPV cells (<300 nm) suffer from low photo-generation while
thicker devices exhibit increased rates of non-radiative
recombination and higher parasitic sub-bandgap absorption.



Table 1. Optimized architecture and performance for several InGaAs structures (T) = 1500 K).

MgF» ZnSe InGaAs MgF» Back a(E=E,) a(E<E) | n[%] | Pou [Wem?]
(um] | [pm] (pm] (pm] surface (%] (%]
BSR - - 0.97 - Au 60.8 32 429 1.52
ARC 0.20 0.10 2.78 . Au 922 3.7 44.6 227
Spacer - - 1.1 0.44 Au 61.1 1.1 S1.0 1.52
Combined 0.46 0.15 1.46 0.42 Au 82.3 14 517 2.07
Blackbody * * 1.93 - Black 100 100 8.1 2.32

*The hypothetical Blackbody case is assumed to have perfect broadband absorptance.
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Figure 3. a) Calculated, hemispherically-averaged optical response of
the Combined structure. Blue and yellow shading indicates specific
absorption by the InGaAs and Au layer, respectively. Inset: Structure
schematic. Comparison of predicted (b) efficiency, (c) power output for
each case, optimized given its discrete set of layers.

CONCLUSION

In summary, we demonstrated high spectral selectivity in thin-
film structures by using back surface reflectors and by optimizing
interference. Specifically, we fabricated thin-film structures with
record high average sub-bandgap reflectance (96%). We identified
that reflective back surfaces are the most important feature for high
efficiency cells. The enhanced reflectance due to a dielectric spacer
layer, between the InGaAs and the Au back contact, results in
predicted TPV efficiencies above 50% for a 1500 K black emitter.
When combined with a double-layer anti-reflection coating, high
power densities (~2 W/cm?) are also achievable. The potential for a
dramatic increase of conversion efficiency through improved
spectral selectivity, combined with the potential for reduced module
costs through wafer reuse, supports the prospect of thin-film TPVs
for applications in distributed power generation. Beyond the high
spectral selectivity demonstrated here, development of high-
performance thin-film TPV systems will require precise doping of
active materials and design of selective electrical contacts with low
parasitic absorption.

EXPERIMENTAL SECTION

InGaAs Film Growth. InGaAs structures were grown by gas-source
molecular beam epitaxy. A 200 nm thick, unintentionally doped InP buffer
layer was grown on a 2 inch diameter, Zn doped (100) InP wafer, followed
by a 4 nm thick AlAs sacrificial layer, and an unintentionally doped i-InGaAs
absorption layer. The wafer was then diced into 6 mm x 6 mm squares using
an ADT7100 dicing saw. Samples were rinsed with DI water for 30 seconds
to remove dicing residue and stored in acetone to prevent surface
contamination. Immediately before further processing, samples were soaked
in buffered HF for 1 minute and rinsed in DI water for 10 seconds to remove
surface native oxides.

InGaAs with BSR Fabrication. Following InGaAs film growth, a
200 nm thick Au layer was deposited by electron beam evaporation on the
epitaxial InGaAs surface. A S00 ym thick (100) B doped Si wafer was
immersed in buffered HF for 1 minute and rinsed in DI water for 10 seconds
to remove native oxides. A 5 nm thick Ir adhesion layer and a 200 nm thick
Au layer were deposited on the Si wafer. The metalized surfaces of the
sample and wafer were cold-weld bonded by applying heat (200°C) and
pressure (5 MPa) for S minutes under vacuum (10* mTorr) using an EVG
520 wafer bonder. The epitaxial layers were lifted off from the parent InP
wafer by removing the AlAs layer through immersion in 17% HF at 45°C
with 400 rpm agitation by magnetic stir bar for 1.5 hours. Following lift-off,
samples were stored at 60°C in Remover PG (MicroChem) to prevent oxide
formation on the epitaxial surface prior to further processing.



ARC Fabrication. Following InGaAs with BSR fabrication, a
ZnSe/MgF, bilayer anti-reflection coating was deposited onto the epitaxial
InGaAs surface by electron beam evaporation.

InGaAs with Back Spacer Fabrication. Following InGaAs film growth,
2200 nm thick Au layer was deposited by electron beam evaporation on the
epitaxial InGaAs surface. Similarly, a S nm thick Ir adhesion layer and a
200 nm thick Au layer were deposited on a 25 pm thick E-type Kapton foil
substrate. The metalized surfaces of the sample and foil were cold-weld
bonded by applying heat (200°C) and pressure (S MPa) for S minutes
under vacuum (10* mTorr) using an EVG 520 wafer bonder. The epitaxial
layers were lifted off from the parent InP wafer by removing the AlAs layer
through immersion in 17% HF at 45°C with 400 rpm agitation by magnetic
stirbar for 1.5 hours. Following lift-off by HF etch, MgF, was deposited onto
the epitaxial InGaAs surface by electron beam evaporation, followed by a
200 nm thick Au layer. A 500 pm thick (100) B doped Si wafer was immersed
in buffered HF for 1 minute and rinsed in DI water for 10 seconds to remove
native oxides. A 5 nm thick Ir adhesion layer and a 200 nm thick Au layer
were deposited on the Si wafer. The metalized surfaces of the sample and Si
wafer were cold-weld bonded by applying heat (200°C) and pressure
(5 MPa) for S minutes under vacuum (10* mTorr) using an EVG 520 wafer
bonder. The Kapton host foil was removed by inductively coupled plasma
(ICP) reactive-ion etching (RIE) (Oxford Plasmalab System 100) with
20 sccm of O at a chamber pressure of 6 mTorr, stage temperature of 0°C,
ICP power of S00 W, and forward power of 100 W for 25 minutes. The
remaining Ir and Au layers were removed using ICP RIE with 12:9:5 sccm of
H,:Cly:Ar at a chamber pressure of 10 mT orr, stage temperature of 0°C, ICP
power of 500 W, and forward power of 100 W for 2.5 minutes.

Energy Conversion Simulation. During TPV operation
(Figure 1a), input heat (Qu) increases the temperature of the emitter
(T4) and drives thermal emission (Qemi). The photon flux of an
emitting blackbody, @, as a function of emitted photon energy, E, is
calculated via Planck’s Law:

2nE?
23 _E \_
ol )

where ¢ is the speed of light, h is Planck’s constant, and ks is the

(k) = 1

Boltzmann constant. Radiation emitted by the thermal emitter,
®u(E), is described by Planck’s Law evaluated at Th.

A portion of incident radiation is absorbed by the PV cell and the
rest is reflected (Q.f). Hemispherically-averaged absorptance
(a(E)) is calculated by integration of the angle-dependent
absorption spectrum (a(E, 6)) over angles ( 6,¢):
2 712 a(5,6) cos(6) sin(8)d6dgp

27 72 cos(6) sin(0)d0dep

a(E) = ()

Upon absorption in the InGaAs layer, above-bandgap photons
generate excited electron-hole pairs, enabling the generation of
electrical power (Pou).

The maximum short circuit current, is calculated from the angle-

averaged optical response, a(E), and the emitted photon flux, ®.(E):
Jsc = 4 Jy, a(E)O(E)dE 3)

where g is the elementary charge of an electron and E, is the bandgap.

The photocurrent, ], as a function of voltage across the cell, V; is
the difference between the short circuit current and recombination
loss, given by:

JV) =Jse = q(Rraq + Rsrir + Raug) (4)

where Rwd Rsr, and Ray, are the radiative, Shockley-Reed-Hall
(SRH), and Auger recombination rates, respectively. The radiative
recombination rate is:

Rraa = exp ((27) J;” a(E)Oc(E)dE s)

In the case of low semiconductor doping concentration (Nb),
such that the injected carrier concentration (n,) is greater than N,
the non-radiative recombination rates are independent of dopant
concentration.* In this high-injection regime, the non-radiative
SRH recombination rate is:

Rspp = ﬁexp( 4 ) (6)

TSRH 2kpTc

where L is the thickness of the active region, Tsru is the SRH
recombination lifetime, and #; is the intrinsic carrier concentration.
Literature values of intrinsic carrier concentration and SRH lifetime
for InGaAs at 300 K are 6.3x10"' cm? and 47.4 ps, respectively.**
The non-radiative, Auger recombination rate, R is:

Raug = L(C, + Cp) niexp (ZZ‘;C) (7)

where C, and C, are the Auger recombination coefficients for
recombination involving two electrons and two holes, respectively.

The Auger recombination coefficients are C, = C, = 8.1x10™ cm™.*

The output power of the cell is the product of the photocurrent
and the voltage:

Poue =J(V) -V (8)

Efficiency is calculated from the maximum power point voltage,
Virr, and current response, Juep via:

Pout __ Pout

Qs - Qemit‘Qref

Nrpy =

— JmpPVMmPP (9)
Jo E0,(BYAE~ [ (1~a(E))-E-®4(E)dE
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